Introduction
Obesity is defined as excess of body weight, and it results from the accumulation of body fat over time because of excess of energy intake or a lack of energy expenditure. 1 It is clinically defined as having an increased body mass index (BMI) with the exact definition being ethnic specific. It is also defined using various measures such as waist-to-hip ratio (WHR), waist circumference, and body fat percentage in addition to BMI. It is a complex disorder that is caused by several genetic and nongenetic risk factors 2 and is a worldwide epidemic that imposes an enormous burden on individual health as well as public health. According to the World Health Organization (WHO), obesity is one of the most significant contributors to ill health. 3 Approximately 500 million people worldwide are estimated to have obesity and 1.4 billion are estimated to be overweight. In less than a generation, the total number of people with obesity has doubled. The prevalence rates of burden of obesity is escalating world over and more so in Asia, Africa, and South America. Increasing childhood obesity is of greater concern throughout the world.
Over the past 100 years, the causes of obesity have been perceived differently. Pituitary/hypothalamic dysfunction was assumed to lead to obesity in the early part of the 20 th century. 4 Between 1940s and 1970s, it was thought that psychological and psychodynamic aspects were the key factors leading to obesity. 5 In 1956, Prader, Labhart, and Willi described the first syndromic form of obesity. 6 That genetic factors play a very important role in body weight regulation came from landmark twin and adoption studies in the 1980s and early 1990s. [7] [8] [9] Subsequently, molecular genetic studies have helped in understanding the genetic underpinning of obesity. 10, 11 Recently, there is increasing support for the notion that obesity is a neuroendocrine disorder in which both genetic predisposition and environmental risk factors act in concert. 12 Indeed, large-scale molecular genetic studies have substantiated that in many cases, genetic predisposition to obesity is due to the combined net effect of polygenic variants. It is estimated that 2.8 million people die each year worldwide due to overweight/obesity. Between 1980 and 2008, the prevalence of obesity worldwide has almost doubled and an increase of overweight individuals from 1.3 to 2 billion is expected by 2030.
Human obesity is a global problem resulting from an excessive accumulation of body fat that can adversely affect health. Global rise in obesity has serious implications resulting in a significant number of diseases including type 2 diabetes mellitus (T2DM), cardiovascular diseases, and even some form of cancer.
Although there is an escalating prevalence of obesity making it a public health problem, its causes and physiological consequences at an individual level still remain elusive. The availability of calorie dense foods, a shift from caloriepoor to calorie-rich environment due to increasing affluence along with increasing sedentary behavior have all played a major role in escalating the obesity epidemic. However, the individual predisposition to becoming obese also has a strong genetic basis. Behind the risk of developing an obese phenotype, genetic factors could be underlying. The "thrifty gene hypothesis" 13 states that genes that predispose to obesity would have had a selective advantage in populations that frequently experienced starvation. People possessing these genotypes in today's obesogenic environment might be those who overreact to it and thus become markedly obese. The fetal programming hypothesis 14 says that fetal weight gain tendency is decided by intrauterine environment and mother's nutritional status and points out that epigenetic regulation of energy regulation pathway genes may be important. The ethnic shift hypothesis 15 explains that in some ethnic groups obesity is more prevalent than in the others. This increases the number of obese individuals in the group. The assertive mating hypothesis explains that due to preferences in selection of spouse, there is a significant correlation between BMI of the spouses ultimately resulting in obesity over time. 16 In simple terms, obesity could be explained as a consequence of an imbalance in net energy intake and expenditure. The cumulative energy intake and expenditure is balanced and maintained over a period of time, and this phenomenon of regulation is known as energy homeostasis. Energy balance is a conglomerate of traits, such as genes, behavior, diet, and metabolic factors, and each influences the other. Complex genetic factors among these contribute to individual difference in the development of obesity. Gene-environment interactions play an important role in the etiology of obesity. This review examines the role played by genetic and environmental factors in obesity.
Genetic factors
The evidence that obesity has a strong genetic basis comes from different studies. Heritability is the proportion of phenotypic variation among individuals due to genetic contributions. It is difficult to tease out heritability due to family lifestyle like diet pattern and physical activity which also clusters in families. The degree of parental obesity influences the risk, and this is greater if both the parents are obese. [17] [18] [19] The risk of obesity is 10-fold higher if both the parents are obese and up to 4-fold if either one of the parent is obese. 9 The overall familial risk for obesity is estimated to be between 1.5 and 5. Several studies have pointed out that BMI of the offspring is more strongly correlated with maternal BMI, 1, 18, 20, 21 suggesting intrauterine influences. Twin, family, and adoption studies suggest that genetic factors play a greater role concerning the predictive value of the parental BMI. 22, 23 Twin studies have revealed that genetic effects can account for up to 90% of the BMI variance within a population.
A comparison between twins reared apart and raised together proved the heritability of BMI to be same in both the cases. Twin studies have served as model since monozygotic (MZ) twins are genetically identical while dizygotic twins may share only 50% of their genetic material. 8 Feinleib et al 22 showed that in twin pairs, familial aggregation for obesity results mainly from genetic influence. A 25-year follow-up study using >4,000 MZ and dizygotic twin pairs confirmed these results. 23 The heritability of fat mass among MZ twins has been reported to range from 70% to 90% while it is from 35% to 45% in dizygotic twins.
Adoption studies have also shown strong genetic influence on human body weight, correlating more strongly with the BMI of their biological parents than that of their adoptive parents. 8 Different racial groups show differing prevalence of obesity, which is one of the evidences for a genetic component of obesity. Obesity prevalence in Asian population is ~35% or less compared to over 50% found in Pima Indians. 24 Yet another important factor is the population substructure which could be different in different ethnic groups. This may presuppose that obesity-causing alleles may be present in some specific groups, thus increasing the risk of developing the disease in those populations.
On the basis of genetic and phenotypic characteristics, three types of obesity are seen. Monogenic forms of obesity which can be nonsyndromic or syndromic and polygenic (common) obesity.
Monogenic forms of obesity
Monogenic forms of obesity result from an alteration in a single gene and follow the Mendelian pattern of inheritance, affecting ~5% of the population. 25 Two such forms exist -the nonsyndromic and syndromic. Early onset of the disease and an extreme phenotype characterize monogenic obesity. 26 Murine models have been useful in understanding the molecular pathogenesis of human obesity. 27 Studies of families with extreme obesity have been a source of information on obesity-related mutations. 28 
Nonsyndromic form of obesity
Both autosomal dominant and recessive forms of obesity have resulted due to several gene mutations. Approximately 200 single-gene mutations are found to cause human obesity, but all these mutations are confined to ~10 genes. 29 But these are rare mutations leading to extreme obesity and occur at a very early age. 30 Eight gene mutations explain about 10% of such cases of early-onset extreme obesity (Table 1) . 31 All these genes are in hypothalamic neuronal networks, coding for proteins with main role in leptin-melanocortin signaling pathway affecting food intake and energy expenditure. 30 Leptin is an adipocyte-derived satiety hormone and is associated with the size of the fat depot. Leptin receptor registers the increased leptin levels. This signal is registered by melanocortin-4 receptor (MC4R). Pro-opiomelanocortin (POMC) and melanocortin system further helps in the regulation of energy homeostasis.
The leptin or LEP gene, located in chr7q31.2, encodes a protein that helps in White body weight regulation. 32 The protein plays a role in inhibiting food intake, regulating energy expenditure to maintain adipocyte mass. In 1997, during the course of screening for serum hormone levels in 2 severely obese children of the same family, very low leptin level was noticed. 33 Following this finding, studies revealed that leptin deficiency is inherited and commonly seen in extreme early onset obesity. 33, 34 This was due to a frame shift mutation (delG133), which leads to a truncated protein or a missense mutation Arg105Trp leading to leptin deficiency, 35 resulting in loss of sensing of energy need by hypothalamus, thus leading to more consumption of energy and weight gain. On administration of the hormone, energy regulation gets restored in leptin-deficient individuals.
The protein encoded by the LEPR gene (chromosome 1P31.3) is a receptor for leptin and is involved in the regulation of fat metabolism. 36 It is reported that a mutation in the splice site of exon 16 is implicated in leptin receptor deficiency, leading to extreme obesity.
The MC4R gene on chromosome 18q21.3 encodes 332 amino acid and is mainly responsible for regulating energy balance. 37 It is expressed mainly in the central nervous system contributing to food intake and energy expenditure regulation. A mutation in the MC4R gene leading to receptor nonfunctioning was associated with severe early onset diabetes. 38 Impaired MC4R gene activity represents the common cause (1%-6%) of morbid obesity. 39, 40 More than 150 variants have been described in this gene. 41 The defining features of obesity due to MC4R gene mutations is lean body mass that increases hyperinsulinemia. 40 POMC deficiency is another cause of obesity. A heterozygous missense mutation, namely Arg236 Gly, in POMC gene resulted abnormal protein which is unable to activate the MC4R. Deficiency of proconvertase 1, due to PC1 gene mutations, is reported as an important cause of obesity. In a child with severe early onset obesity, loss of function mutation in this gene is reported. 42 
Syndromic forms of obesity
Syndromic forms refer to obesity cases that occur in a distinct set of associated clinical phenotypes, such as mental retardation or organ-specific developmental abnormalities. More than 30 such Mendelian disorders of obesity are recorded, exhibiting extreme genetic heterogeneity. Table 1 presents a list of common forms of early onset syndromic obesity. This includes Wilms tumor-aniridia-genital anomalies-retardation (WAGR) syndrome, Prader-Willi syndrome (PWS), Bardet-Biedl syndrome (BBS), and Alstrom and Cohen syndromes. 31 WAGR syndrome is due to a deletion in a region containing Wilm's tumor (WT1) and PAX6 genes. A deletion in the brain-derived neurotropic factor (BDNF) gene results in an obese phenotype of WAGR syndrome. PWS has many categories characterized by central obesity neonatal hypotonia, hyperphagia, hyperthalamic hypogonadism, and mild mental retardation, with such abnormalities as short stature and peculiar facial features. Loss of expression from potential deletions of 15q11.2 causes BBS is characterized by early onset obesity, associated with progressive cone-rod dystrophy, morphological abnormalities in the fingers, dyslexia, and progressive mental disease. Both Alstrom and Cohen syndromes are associated with childhood truncal obesity and small stature. They are both genetically homogenous and autosomal recessive. Balanced translocations of chromosome 2p13 disrupting the ALMS1 gene or mutations in this gene cause Alstrom syndrome. Mutations in COH1 gene, 8q22, reading a transmembrane protein result in Cohen syndrome.
Another syndrome resulting in morbid obesity and following an autosomal recessive pattern of inheritance is the MO1 syndrome. This is due to a nonsense mutation in the gene encoding a highly conserved ciliary protein, called CEP19. 43 The loss of function mutation results in a phenotype characterized by glucose intolerance, dyslipidemia, and insulin resistance. It is interesting to note that the MO1 syndrome, BBS, and Alstrom syndrome are Mendelian disorders, resulting due to mutations in genes encoding ciliary proteins.
Polygenic forms of obesity
A group of alleles responsible for a trait is termed as "polygenic" variants. 28 Many such polygenic variants play a role in obesity. Each allele in this case has small effects, and the allelic effects can be additive or nonadditive. Variants of obese genes show variation in frequency between obese subjects making the study of polygenic obesity more complex. Either single-nucleotide polymorphisms (SNPs) or micro satellite markers in the genomic DNA are analyzed in the case of polygenic disorders such as obesity. Unlike in the case of monogenic obesity where a single mutation in a gene is causal in producing the disease phenotype, in polygenic obesity, each polymorphism confers susceptibility to obesity and the presence of an obesogenic environment leads to the phenotype. 44 Various molecular genetic approaches are employed in the detection and analysis of obesity genes and their variants. Linkage studies, candidate gene association study, and genome-wide association studies (GWAS) have helped in unraveling the genomics of obesity. Obesity has been measured in terms of body weight (BMI), adiposity, and waist-hip measurements in different studies.
The candidate gene approach
The candidate gene approach is based on a hypothesis. Genes that have been previously implicated in pathways controlling energy intake or expenditure have been chosen as important candidates and analyzed. 45 Thus, this approach relies on the current understanding of the biology and pathophysiology of the disease ( Table 2) . Animal studies, cell-based studies, linkage and positional cloning studies in extreme obese subjects have helped identify candidate genes. 46 A total of 127 candidate genes are reported in human obesity gene map. 47 Cocaine and amphetamine regulated transcript (CART) gene mutation, Leu34Phe, was identified by this approach in obese children and was found to be associated with less resting energy expenditure resulting in obesity. 48 A possible relationship was also pointed out between obesity and mental disorders involving CART as a mediator. 49 Large-scale studies suggest that obesity is strongly associated with genetic variants in the MC4R gene, Adrenergic-β-3 receptor (ADRB3) gene, prohormoneconvertase1 (PCSK1) gene, BDNF gene, and endocannabinoid receptor 1 (CNR1) gene. Hypothalamic leptin-melanocortin system is critical for energy balance in humans. 32, [39] [40] [41] 50 Long-term therapy with leptin injections is shown to give beneficial effects on lowering fat mass, hyperinsulinemia, and hyperlipidemia in human obese subjects, [51] [52] [53] but this is not approved as a treatment for common types .
In south Indian population, case-control candidate gene association studies pertaining to obesity were conducted. A research on Adiponectin gene showed interesting results. The 10211T-G polymorphism in the first intron of this gene was associated with hypoadiponectinemia, obesity, and T2DM. Obesity seems to act as an effect modifier, reversing the risk of T2DM in the "G" allele carriers of -11377 C/G polymorphism of the adiponectin gene. 54 Another case-control study was also performed to investigate the presence of association of 8 variants of the ADIPOQ gene in a South Indian population. 55 The association was tested for obesity, T2DM, and serum adiponectin levels. Of the 8 variants, 4 SNPs, namely +276 G/T (rs1501299), −4522 C/T (rs822393), −11365 C/G (rs266729), and +712 G/A (rs3774261) were significantly associated with T2DM in the SI population. In certain cases, the association of T2DM was mediated through obesity. This study also showed that ADIPOQ gene variants contribute to the genetic risk of T2DM, obesity, and hypoadiponectinemia in the south Indian population.
Several GWAS have shown an association of the fat mass and obesity-associated (FTO) gene variants with obesity and T2DM in various Caucasian [56] [57] [58] [59] and Asian populations. [60] [61] [62] Six variants namely rs9940128, rs7193144, and rs8050136 (in intron 1), rs918031 and rs1588413 (in intron 8), and rs11076023 (30 untranslated region) of this gene were investigated to determine the association with obesity and T2DM. It was found that among South Indians, the rs9940128 A/G, rs11076023 A/T, and rs1588413 C/T variants of the FTO gene are associated with T2DM, whereas the rs8050136 C/A variant is associated with obesity. 63 However, earlier studies in North Indian Sikhs 61 and Asian Indians from the western part of India 60 have shown strong association of intron 1 variant rs9939609 T/A of the FTO gene with T2DM independent of BMI. In the case of the rs918031 C/T SNP in intron 8 of the FTO gene, no association was found with T2DM or obesity, which is similar to a study in a Chinese population. 64 However, the rs1588413 C/T located in intron 8 showed significant association with T2DM in the study, which was not seen in the Chinese population. The rs1588413 C/T SNP was not associated with obesity in the South Indian population, contrary to the results reported in the Chinese population. This clearly points to ethnic differences in susceptibility to obesity and diabetes between these two Asian populations. Recently, a more comprehensive approach was sought based on the notion that causal variants have high LD value, tag SNPs were used to search for association and determine whether these were in linkage disequilibrium with common variants already reported. 65, 66 Obesity affects men and women in different ways. There seem to be a higher prevalence of obesity and overweight among women compared to men. This is partly attributable to hormonal changes in a female development particularly in the postmenopausal period. In general, women are comparatively sedentary than men, thus burning lesser calories. The mean waist and hip circumferences between men and women also show significant difference in general. Therefore, to circumvent this confounding factor in all the candidate association studies, the analyses have been carried out by adjusting for age, sex, and also BMI.
Overall, the candidate gene approach resulted in limited success, and this led to the genome-wide approaches.
Genome-wide approaches
Genome-wide linkage studies (GWLS) GWLS aim to identify chromosomal regions harboring genes for a specific phenotype by making use of the linkage data. Approximately 400 highly polymorphic markers at 10 cM intervals are mapped followed by fine mapping of regions under linkage peaks. 67 This study design is applicable to cases with multigenerational pedigree and is not robust to detect phenotypic and genotypic heterogeneities. Candidate gene such as glutamate decarboxylase 2 (GAD2) that regulates food intake, 68 ectonucleotide pyrophosphate/phosphodiesterase 1 (ENPP1) that inhibits insulin receptor activity, 69 and solute carrier family 6 (SLC6A14) that controls appetite were identified by positional cloning strategy. 70 Although many loci have been identified in GWAS, they were not reproducible in subsequent studies. A meta-analysis of 37 genome-wide linkage scans showed no evidence of significant linkage to any of the chromosomal regions studied. 71 Till date, PSCK11 is the only region reported by linkage studies to be strongly linked to obesity.
GWAS
HapMap, an international project for the determination of complete range of genetic variations in human genome, is the foundation for GWAS as it gives the information and LD structure of SNPs ("The International HapMap Consortium. GWAS are a hypothesis-generating, agnostic method in which a large number of genetic markers (SNPs) spanning the entire genome are interrogated for their association with the phenotype of interest. The first gene reported to be associated with obesity was the insulin-induced gene 2 (INSIG2) which was from the Framingham Heart study that involved case-control and family studies of different ethnic groups. 72 However, subsequent studies could not replicate these findings.
This was followed by the identification of FTO gene which was unequivocally associated with obesity. 56 Frayling et al 56 conducted a GWAS to test the correlation between polymorphisms across the entire human genome and T2DM. The rs9939609 polymorphism of FTO gene was strongly associated with T2DM and increased BMI. But after adjustment for BMI, the association was lost, and this was replicated consistently in several populations confirming the association of this SNP with common obesity in several populations such as European, Asian, and African. [60] [61] [62] [63] Later studies reported other polymorphisms in this region to be consistently associated with early onset childhood and adult obesity (rs142198 and rs17817449). 56 Association with other obesity-related traits was also reported. 73 It is interesting to note that previously, genome-wide linkage scans in "Framingham Heart Study" and "Family Blood Pressure Program Study" have confirmed BMI linkage with the region where FTO is mapped now. 74 Around this region, fine mapping has shown an association with syndrome that includes obesity as one of its features. More than 60 polymorphisms of this gene have been significantly associated with obesity and its related traits. 75 The functional mechanism underlying FTO's role in obesity remains still unknown, although it is believed that the gene could play an important role in food intake control, energy expenditure, and homeostasis. It is however important to recognize that FTO is consistently associated with BMI, waist and hip circumference in all the analyses of heritability. 73 Since 2007, obesity and related traits GWAS have been performed in several waves, with larger sample size in each subsequent wave (Table 2) .
GWAS for overall adiposity
Much of the focus of GWAS for adiposity has been in finding genes associated with BMI. As of today, there are five waves of discovery for BMI.
The first wave and FTO
Interestingly, the T2DM GWAS of Welcome Trust Case Control Consortium discovered the first locus associated with BMI. 56 However, the T2DM association was lost when adjusted for BMI, indicating that the effect of FTO on T2DM was through BMI. Ever since the discovery of FTO as an obesity susceptibility loci, it has been replicated in many populations to investigate its association with BMI and related traits. Human FTO gene is located in chromosome 16, is >400 Kb long, and spans 9 exons. Till date, FTO remains the locus with the largest effect on BMI. Variations in this gene have been associated with risk of overweight and obesity and traits related to them. 76 The second wave and MC4R
In the second round of GWAS for BMI, a meta-analysis of 7 studies was done on a large sample size, confirming FTO locus association. Of greater importance is the series of studies convincingly replicating an SNP near the MC4R SNP. 77 The study included 60,352 adults and 5,988 children. The same locus near MC4R has also been associated with BMI in individuals of Indian and European descent. 78 The Third wave At this stage, the Genetic Investigation of Anthropometric Traits (GIANT) consortium brought together GWAS with anthropometric traits. A meta-analysis of 15 cohorts was combined, and replication was followed in these samples. 79 Besides confirming FTO and near MC4R, loci in and near TMEM18, GNPDAR, SH2B1, MTCH2, KCTD15, and NEGR1 showed genome-wide significant association with BMI. Subsequently, a meta-analysis was performed. 75 Associations were confirmed for genetic variants at various loci as well as the FTO and near MC4R loci. The third wave saw a total of 12 loci associated with BMI. 
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The fourth wave To increase the power of the study and to find alleles with low frequency, the GIANT consortium increased the sample size. Eighteen additional novel loci associated with BMI were discovered. At this stage, a total of 32 loci associated with BMI were identified. However, the combined effect of the 32 loci is only 1.45%. Hence, predicting obesity using the risk alleles of these BMI loci is not accurate. These 32 loci together did not show any clinical application to discriminate between obese and nonobese individuals (ROC AUC = 0.575). 75 The fifth wave
In the fifth wave, besides confirming all the 32 BMIassociated loci, 7 new loci were identified which explained an additional 0.09% of the variability in the BMI. 80 
GWAS for abdominal obesity
The distribution of body fat is not accurately reflected by BMI, and hence waist circumference and WHR have been used in GWAS as measures of abdominal fat. Two waves of GWAS for abdominal obesity have been performed.
First wave
A meta-analysis of 16 studies with 38,580 individuals was performed as a part of GIANT consortium. Associations of FTO and near MC4R were confirmed. Furthermore, novel associations of near TFAP2B and MSRA with waist circumference were also observed. These 4 loci were also identified in the GWAS for BMI. 81 BMI and waist circumference show strong correlation, and hence the association of these SNPs were also more with overall obesity compared to abdominal obesity.
Second wave
In the second wave, 14 loci were discovered which were more specific to abdominal obesity; 7 of these loci were significantly more pronounced in women given the sex-specific distributions of WHR. 82 
GWAS for body fat percentage
For adiposity, body fat percentage is a more accurate measurement than BMI which does little to differentiate lean and fat mass. A GWAS combining 15 cohorts and including 36,626 individuals 83 was performed. Loci such as FTO, near IRS1, and near SPRY2 were identified. The one near IRS1 locus was found to be associated with a number of metabolic traits, including insulin resistance, T2DM, and cardiovascular disease.
GWAS for extreme obesity
Individuals with extreme obese phenotypes are likely to present more common risk alleles. FTO, near MC4R loci, a locus between MSRA and TNKS were found to be robustly associated with extreme obesity, 84 suggesting the importance of specific set of genes susceptible for the phenotype.
GWAS in other populations
Most of the GWAS has been performed in the population of White European descent except for one study which screened a South Asian population at a discovery stage. 85 Association studies in non-Europeans can be informative; some loci are likely to be specific to certain ethnic populations. Studies across such loci in different populations might indicate more precisely, where the causal variant or gene might be located.
Of all the gene loci, FTO locus has been replicated consistently across populations of different ethnic backgrounds. Replication studies in populations of East Asian, [86] [87] [88] South Asian, 60, 61, 63 and African origin 89, 90 have found convincing associations of FTO locus with BMI and obesity risk. However, risk allele frequency varies substantially between these populations. The near MC4R locus was discovered by GWAS in a population of South Asian descent in the discovery stage. While the risk allele frequency is higher in Asian Indians, the effect size is similar to White Europeans. 78 Replication of this locus in other South Asian population is also reported. 91 So far the largest GWAS meta-analysis for BMI included results from >100,000 individuals. The BMI meta-analyses resulted in the identification of 97 genome-wide significant loci. 92 The common variants identified by GWAS are characterized by modest effect sizes (odds ratio between 1.2 and 1.5 per allele), and the proportion of variability explained by GWAS-identified loci is only ~10%. This could be attributed to a number of reasons, such as lack of coverage of rare variants, genetic heterogeneity across the population, gene-gene and gene-environment interactions, and epigenetic factors. The current list of genetic factors explain only a small proportion of BMI variance, suggesting "missing heritability" 93 recognizing the possible contributions of rare variants (MAF, 0.5%). Some of the important loci associated with different measures of obesity are given in Table 3 .
Although significant developments have been made over the past 10 years in the genetic basis of human obesity, much remains to be done in dissecting out the entire heritability of this disorder. Additional genetic factors need to be identified to explain the greater proportion of the disease.
There exist certain limitations in genetic approaches in unraveling the complexity of obesity. It is recognized that Advances in Genomics and Genetics downloaded from https://www.dovepress.com/ by 54.70.40.11 on 01-Feb-2020 For personal use only.
there are several reasons why a certain gene may not show the same disease phenotype. There exists clinical heterogeneity due to different gene dose levels which could also mask clinical changes.
Gene-gene interaction in obesity
The risk of obesity is determined not only by specific genotypes but also by significant gene-gene interactions which could very well be the reason for inconsistency in the replication of single locus association studies. Some interactions of obesity genes have been reported in a Mexican American study. The Pro 12 Ala polymorphisms, PPAR-G2 gene and Try 64 Arg of ADRB 3 gene showed gene-gene interaction, whereby subjects with both the gene variants had significantly higher BMI, insulin, and leptin levels than with only the PPAR 2 gene variant. Similar results were also reported in a Spanish population. 94 In a study of a Quebec family, genegene interaction was seen in the markers in α-2, β-2, and β-3 adrenergic receptor genes (ADRs) contributing to phenotypic variability in abdominal obesity. 95 Women with Gly/Gly genotypes at the β-1 adrenergic receptor gene (ADRB1) and carrying at least one β-3-Arg allele showed an increase in BMI. 96 
Epigenetics and human obesity
The role of epigenetics in complex diseases such as obesity has initiated a lot of interest in the recent times. Although genetic modifications lead to change in the base sequence of the DNA, epigenetic changes are typically reversible and refer to chemical modification to DNA in the absence of change in the DNA sequence. 97 Epigenetic markers are inherited by mitotic cell division, whereas genetic changes are by meiotic division. Epigenetics involves processes such as DNA methylation and posttranslational modifications to histone proteins, such as acetylation. Although the genome is largely stable, the epigenome can get modified reversibly due to nutritional and environmental factors. 98 Epidemiological studies point out that an altered nutritional environment during development, that is maternal nutrition, is associated with a number of chronic diseases such as obesity and T2DM in later life. 99, 100 Regulation and level of gene expression of individual genes seem to be dependent on epigenetic environment. Generally, DNA methylation at regions such promoters and enhancers is implicated in gene silencing and in the structural genes, in gene expression.
One limitation in such cross-sectional studies is that both methylation levels and the phenotypes are measured at the same time point making it difficult to determine whether the association is a cause or consequence of obesity.
Genes implicated in obesity, appetite control, insulin signaling, and circadian clock regulation have been looked into for methylation markers and lower methylation of some of these genes have been observed in studies. 100, 101 There are also evidences for epigenetic regulation of specific genes leading to obesity. 102 Genome-wide DNA methylation studies have been performed across a large number of genes and CpG sites. Table 4 summarizes some of the findings.
Differentially methylated sites were enriched both in obesity candidate genes and in genes with various functions such as adipose tissue functioning. It is now known that methylation profiles do not remain stable throughout life. This was validated by intervention studies. 103 Exercise diet and bariatric surgery seem to alter methylation profile in various tissues. 94, 95, 102, 104 A small study 99 suggested that by reducing fat mass or body weight in obese individuals, alteration in methylation profiles resulted. Some of these methylation marks are results of obese phenotype rather than causal for the condition. These studies are association studies and are yet to establish causal relationship. However, the effect size on phenotypes of differentially methylated sites is likely to be small. As in genetic variations, combinations of multiple differentially methylated sites in several genes could explain variations in phenotype and together will have to be used for developing predictive signatures for obesity.
Higher methylation was observed in appetite-regulatory genes POMC and neuropeptide Y (NPY) genes of weight regainers rather than non-regainers. Lower methylation levels of POMC were associated with weight loss maintenance, while lower total methylation levels in NPY promoter were associated with higher risk of weight regain. 106 These are early days for epigenetics and identification of potential biomarkers for obesity is already underway. Unlike genetic markers that are stable, epigenetic markers are modifiable by lifestyle changes in adult and changing the exposure "in utero" making intervention more feasible in the case of unfavorable epigenomic profiles, particularly in the context of complex diseases such as obesity.
Environmental factors
The increasing prevalence of obesity worldwide, the reverse relationship between obesity and socioeconomic class, and the secular trends associated with urbanization provide clear evidence of the environmental influences on weight gain. 107, 108 According to WHO, reduced physical activity and availability of energy with highly palatable foods represent a nutrition transition which is considered one of the greatest risk for ill health worldwide (http.//www.hsph.harvard.edu).
Gene and environment interactions
During the past few decades, lifestyle changes have had a major role in the obesity epidemic. However, there is convincing evidence that our genome which has remained largely unchanged for generations could still contribute to susceptibility to obesity. Migration studies comparing the risk of disease between populations with different lifestyles provided evidence for gene-environment interactions. 109 Compared to Japanese people living in Japan, those migrated to elsewhere are more overweight. 109 There is thus an interaction between genetic and environmental factors. This is best illustrated in Pima Indians. Obesity was more in obesogenic environment of Arizona, compared to "restrictive environment" of the Mexican Sierra Mandre Mountains, in the former being 69% are Indians while in the latter only 13%. 110 These findings show that despite a similar genetic predisposition, different lifestyles result in differences in prevalence.
A study in 6,000 Danes demonstrated that physical activity brings down the effect of FTO by 30%. 111 Recent studies provide evidence that physical activity can bring down the genetic susceptibility to obese phenotype. An interaction between FTO obesity risk genotype and physical activity was repeated by 13 independent studies. 112, 113 Likewise, a high-level physical activity seems to bring down the combined effect of 12 obesity-associated SNPs by 40%. A few large-scale studies confirmed this interaction between FTO and physical activity while some did not. 114 
Genes and physical activity interaction
The relationship between excessive TV watching and obesity has been studied in various cross-sectional studies, which have shown a direct association between the two. Gortmaker et al, 115 observed a 5-fold higher rate in children and adolescents, who watch TV for >5 h a day, compared to those who watch for <2 h. Over a 4-year study period, 60% of obesity incidence was attributed to watching TV.
Physical activity is a determinant of energy and substrate metabolism. A study showed heritability estimates suggest significant genetic effects. For example, duration of exercise improved significantly for those with II and ID genotype of the ACE gene, but not for those with DD genotype. 116 The hypoxia inducible factor 1 (HIF1) gene is associated with maximal oxygen uptake after exercise training. 117 
Genes and diet interaction
Dietary habits seem to interact with genes by modifying susceptibility to obesity. In 5 independent populations, an interaction between apolipoproteins A polymorphisms and high-saturated fat has been reported. 118 Variable responses to diet maybe due to some of the potential susceptibility genes, those that relate to energy homeostasis and thermogenesis, and this includes NPY, melanocortin pathway factors (MC4R), uncoupling proteins (UCPs), and fatty acid binding protein (FABP). . Subjects with FABP 54 Thr allele exhibited a better lowering of triglycerides with dietary intervention. 119 Consumption of energy-dense, palatable food has been a major culprit in the increase of obesity epidemic. Obesity risk of FTO genotype was increased when highfat diet was introduced. 114 Diet intervention studies suggest that FTO is probably sensitive to healthy lifestyle in general as it shows similar interaction with diet and physical activity. 119 In an obesity intervention study, in a Swedish population, it was shown that after bariatric surgery the FTO obesity allele carriers lost 3 kg less than common allele homozygotes. 120 Gastric bypass surgery in 1,001 obese subjects showed that those with risk alleles of 4 obesity genes to be associated with postoperative loss trajectories. 121 Thus, obesity genes play a role in therapeutic options, and this seems to be a good approach to form a strategy for personalized treatment in order to achieve higher rates of therapeutic success.
Role of host gut microbiota in obesity
In the last 10 years, genetic and environmental factors dealing with host-microbiota interactions have been investigated by metagenomic approaches. While the human genome is inherited, the human microbiome is acquired from the environment anew every generation. Metagenomic studies have shown differences between microbial gene profiles of obese and nonobese subjects. 122 Metagenomic analyses have also shown certain gut microbiota to be predisposing or protective to obesity. 123 The gut microbiota contributes to host metabolism by many mechanisms such as fat storage in adipose tissue and modulation of lipid metabolism.
Circadian rhythms and obesity
In humans, there seems to be an intrinsic molecular clock that coordinates and synchronizes the rhythms with the 24-h solar day. This circadian rhythms allow the body to produce peak protein expression once in 24 h. Circadian rhythms are genetically encoded and normally generate internal timing of ~24 h. Circadian clock seems to undergo nutritional programming, and many genes have been identified that disturb the body weight through them. 124 One of the greatest health challenges around the globe is the emergence of obesity. Although environmental/lifestyle factors are primary determinants of obesity, the microbial composition of the human gut and epigenetic markers such as DNA methylation pattern changes in genes induced by environmental factors contribute to obesity. However, the genetic susceptibility at the individual level is the basis on which various other factors act to result in obesity. Without the presence of susceptible genetic factors, obesity does not result. Further research in this area is certainly warranted to understand the pathogenesis of the now ubiquitous disorder. With the available knowledge and understanding, we can certainly say that we still play the blame game, the blame being shared between genes, epigenetic factors, and lifestyle, although prevention of obesity would ultimately become a reality only if the environmental and lifestyle factors are modified even in genetically susceptible individuals. The time for action was yesterday!
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